A homogeneous two-phase multi-group model of drift drop plumes emerging from natural draft cooling towers has been developed and validated using the experimental data obtained in the 1977 Chalk Point Dye Tracer Experiment (CPDTE). The conservation equations for mass fractions of water droplets having different sizes are solved in addition to the standard conservation equations for mixture mass, momentum, energy, water vapor mass fraction and turbulent quantities (turbulent kinetic energy and its dissipation rate). Extra terms are provided to the conservation equations for mass fractions of liquid water to account for the drift of water drops due to their gravitational settling. Various formulations for drift velocity and terminal velocity have been tested and compared. The phase change effects (condensation, evaporation, solidification and melting) are assumed to be negligible due to specific conditions of the experiment. The droplet-size distribution available at the cooling tower exit and containing the 25 groups of drops is simplified to 11 groups. Also, the 3-group and 1-group options are considered for comparison. The individual drop deposition fluxes and the total deposition flux are calculated and compared with the experimental data available at the sensors located on the 35° arcs at 500 and 1000 m from the cooling tower centerline. The total deposition flux is calculated as a sum of products of individual group mass concentrations of water drops and corresponding terminal velocities. The model has been incorporated into the commercial general-purpose Computational Fluid Dynamics (CFD) code, PHOENICS. The study has demonstrated a good agreement between the CFD predictions and the experimental data on the water vapor plume rise and the total drift deposition fluxes. In particular, the plume rise predictions agree well with experimental values (the errors are from 4% to 34% at different distances from the tower centerline). The predicted deposition fluxes are in agreement with the experimental values within a factor of 1.5, which is well within the industry acceptable error limits (a factor of 3). The model developed is recommended for analyzing the drift drop plumes under the conditions similar to CPDTE conditions of small Stokes numbers. It is easier to use and not less accurate than the multiphase Eulerian-Lagrangian CFD models used recently by various researchers for modeling CPDTE plume. The model has a potential to supplant or complement the latter in the computational analyses of gravitational phenomena in complex two-phase flows in engineering equipment and its environment.
INTRODUCTION
Over the past three decades, CFD (see Versteeg and Malalasekera (1995) for more details) has been increasingly used as a predictive tool in the analyses of plumes emerging from industrial settings such as cooling towers, etc. It is becoming a validated and user-friendly computational tool in the environmental assessments of dispersion and deposition of pollutants. The standard practice is to use the commercial general-purpose CFD codes such as PHOENICS, ANSYS FLUENT, ANSYS CFX, etc. for such analyses. In particular, Markatos et al. (1987) used the PHOENICS software for studying the behavior of cooling tower effluent under various environmental and operating conditions. They developed a customized homogeneous two-phase flow model accounting for the water droplet drift via inclusion of additional source terms into the conservation equations for mass concentrations of water vapor and water droplets. The phase change effects were accounted for and the specific formulae Proceedings of the 2014 22nd International Conference on Nuclear Engineering ICONE22 July 7-11, 2014, Prague, Czech Republic
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were used for the terminal drop velocity and droplet size growth. The turbulent model used in that paper was the simplest one, i.e. the constant effective turbulent viscosity was specified in the whole computational domain. The authors concluded that the 'results obtained are qualitatively realistic' but 'there are still many uncertainties related to the model, e.g. turbulence and appropriate auxiliary correlations'. Brown et al. (2003) customized the ANSYS CFX software for CFD prediction of moisture-laden buoyant plumes by applying the homogeneous two-phase mixture model with solving the additional conservation equations for mass fractions of water vapor and liquid water and providing the appropriate source terms accounting for evaporation and condensation. No account was made to calculate the gravitational settling due to small sizes of droplets considered. The k-ε model of turbulence was applied with the buoyancy correction term included (C 3 =1). Meroney (2006) and Lucas et al. (2010) used the FLUENT software for predicting the cooling tower plume rise and drift deposition rates. They applied the Eulerian-Lagrangian multiphase flow option and validated it using the experimental data obtained in the Chalk Point Dye Tracer Experiment (CPDTE) in Maryland, USA during the night of June16-17 in 1977. The standard k-ε model of turbulence was used. These researchers validated their predictive models using the high quality CPDTE data on the sodium/water drift deposition fluxes at the measurement locations, i.e. on the 35° arcs at 500 and 1000 m from the cooling tower centerline. Also, the CFD predictions of plume rise were compared with the experimental data. The CTDTE data on drift deposition flux and plume rise were available from Hanna (1978) and other papers and reports. Meroney (2006) provided a comprehensive description of this validation study. In this paper, a homogeneous two-phase multi-group model of drift drop plumes emerging from natural draft cooling towers has been developed and implemented into the PHOENICS CFD software (2011 version). The CPDTE data are used to validate the customized model developed and practical recommendations are made on its application for pragmatic prediction of water deposition from a typical natural draft cooling tower. The major model features are described in the next section. The details of CPDTE case study are described in sections 2.0-2.8. It should be noted that PHOENICS was validated for gas release and dispersion applications by 
NOMENCLATURE
Put nomenclature here.
MODEL EQUATIONS
Based on the estimates of Stokes number (see next section) it was concluded that the homogeneous model approach (see definition in Kleinstreuer (2003) ) to the CFD modeling of the gas-liquid flow of air with water droplets is applicable to the CPDTE conditions on June 16-17 1997. Range of drop diameters at tower exit dmin to dmax , µm 10 to 1400
The experimental drop-size distribution at the tower exit available from Hanna et al. (1982) (Table 11 .1 on page 78) contains 25 groups of drops with sizes from 10 to 1400 µm. It was simplified to the 11-group distribution and then further simplified to 3-group and 1-group distributions as shown in Table 2 .2. The drops with sizes from 1200 to 1400 µm were ignored as their mass contribution was only 0.2% of total mass. All three different drop-size distributions (11-, 3-and 1-group options) were used in comparative CFD study. 
Similarity Analysis
The input data listed in Tables 2.1 and 2 .2 were used to estimate the terminal velocities and Stokes numbers in the CPDTE case study. 2 , the application of homogeneous model of two-phase flow described in section 2.0 was considered valid in this validation study as St 2 <<1 for all drop sizes used in the model (see Table 2 .2). As a result, the differential equations for droplet velocities that are solved in Eulerian-Lagrangian models were reduced at St<<1 to algebraic equations linking the gas and liquid velocities. In homogeneous model, the horizontal velocity components of gas and liquid are equal and the difference between the corresponding vertical velocity components is equal to terminal velocity. The gravitational settling of drops was accounted for algebraically by providing additional source terms in the conservation equations for mass fractions of water drops. 
CFD Model Features
Based on the estimates of Stokes number the homogeneous twophase multi-group model was applied to model the CPDTE drift drop plume. The 11-, 3-and 1-group drop-size distributions shown in Table 2 Table 2 .1). The turbulent intensity of 10% was specified at the inlet. The virtual temperatures of 315.3 °K and 295.3 °K were used at the tower exit and the inlet, respectively. The fixed pressure condition was applied at the outlet. Based on the findings of Meroney (2006) 
Water Vapor Plume Rise Prediction
The first step in model validation was comparing the predicted water vapor plume rise with the experimental values available at 50, 100 and 200 m from cooling tower centerline. (1) and (2) in Hanna (1978) ). This standard plume rise formula is provided below for convenience ∆z=1.6F 1/3 (∆x) 2/3 /U, F=0.25gWD 2 (T vp -T va )/T vp (2.1) where ∆z is the plume rise above the tower exit, ∆x is the downwind distance from tower centerline, U is the wind speed, F is the initial buoyancy flux, g is the acceleration due to gravity, W is the initial plume vertical speed, D is the exit diameter, T v is the virtual temperature (in °K) and subscripts p and a refer to initial plume and ambient air. Under the CPDTE conditions (Table 2 .1), U=8 m/s and F=2102 m 4 /s 3 . As mentioned by Hanna et al. (1982) , the coefficient 1.6 in (2.1) is expected to be accurate within ±40% with variations due to downwash or local terrain effects. The plume rise was calculated as the vertical position (relative to the tower exit height of 124 m) of the local maximum of predicted relative water vapor mass fraction, C1, at the vertical symmetry plane. It plays an important role in the calculations of maximum ground concentration (Hanna et al (1982) ). Table 2 
Water/Sodium Deposition Flux Prediction
The CFD model developed was applied to calculate the maximum and average deposition fluxes of water/sodium and these predictions were compared with the experimental values available at the measurement stations located on 35° arcs at 500 and 1000 m from the cooling tower centerline. The experimental sodium/water deposition fluxes are shown in Table 2 .5. It should be noted that Hanna (1978) and Meroney (2006) were comparing their predictions with the experimental average sodium deposition rates and Lucas et al. (2010) were validating their FLUENT model based on the average water deposition rates. Table 2 .5 shows both sodium and water deposition fluxes. In the CFD model, the water deposition fluxes were calculated at a height of 1 m above the ground at downwind distances of 500 and 1000 m. In particular, the maximum deposition fluxes were calculated as the values at the plume symmetry plane and the average deposition fluxes were calculated along the chords corresponding to the 35° arcs (for simplicity). Table 2 Figure 2 .5 shows the contour of total ground-level water deposition mass flux predicted with 11-group drop size distribution using k-ε model on a base grid of 212,500 cells. A value of 1.37E-7 kg/s/m 2 is shown by the probe (red pencil with yellow end) on the symmetry plane at a downwind distance of 500 m from the tower centerline. This value agrees well with the experimental maximum water deposition flux value of 1.36E-7 kg/s/m 2 measured at this location (see Table 2 .5). 
Effect of Number of Groups on Model Predictions
In order to analyze the effect of number of drop groups on the accuracy of CFD predictions, the maximum water depositions fluxes were calculated with 1-group, 3-group and 11-group distributions on a base grid of 212,500 cells using k-ε model. The predictions are compared in Figure 2 .7. It shows that the predictions with 3 groups and 11 groups are close at all the distances from the tower centerline. However, the 1-group predictions close to the 3-group and 11-group predictions only at the distances larger than about 700 m. This is an indication of insufficient accuracy of 1-group model. The 3-group run was also made with using V d (instead of V t ) in the source terms of conservation equations in order to estimate the effect of drift velocity model. This effect is described in the next section below. 
Effect of Drift Velocity Model on Model Predictions

Effect of Turbulence Model on Model Predictions
Comparison of water deposition fluxes predicted with two different turbulent models (k-ε model and constant turbulent viscosity model) was made in order to estimate the potential use of the simplest turbulent models in practical CFD applications.
The effective turbulent viscosity model recommended by Markatos et al. (1987) (ν t =0.01 x half width x velocity difference) was applied with three modeling options (11-, 3-and 1-group options) on a base grid of 212,500 cells. the experimental values within a factor of 1.5, which is well within the industry acceptable error limits (a factor of 3). 5. The model developed is recommended for analyzing the drift drop plumes under the conditions similar to CPDTE conditions of small Stokes numbers. It is easier to use and as accurate as the multiphase Eulerian-Lagrangian CFD models recently used for modeling the CPDTE plume. 6. The model developed has an advantage of being in a form of fully compatible with methods widely used in CFD practice. The algebraic nature of the model relationships makes it easy bringing them into the computational loops of available predictive tools.
7. From practical point of view, the CFD results obtained with using 3-and 11-group models are acceptable for all three computational grids considered. The details of grid comparison study are shown in Tables 2.4 and 2.6. Theoretically speaking, a more comprehensive grid sensitivity study could be useful and it will be conducted in future. 
